The compounds that mainly interfere with perchlorate reduction in contaminated tap water, nitrate and dissolved oxygen (DO), were reduced using a fluidized bed bioreactor. Nitrate was reduced to below the maximum level of contamination adopted by the United States Environmental Protection Agency (EPA), 10 ppm, and the percentages of nitrate were 90, 84 and 80% for concentrations (conc.) of 25, 50 and 100 ppm perchlorate, respectively, after a 6 h hydraulic retention time (HRT). The DO concentration was reduced to less than 1 mg/L, which is considered to be appropriate for the maximum rates of perchlorate anion reduction, and the percentages of DO removed were 80, 83, and 88% for 25, 50, and 100 ppm perchlorate, respectively, after a 6 h HRT. The maximum reduction for perchlorate was obtained with an HRT of 6 h for the different concentrations of perchlorate anion contamination. This result was confirmed by increase in the concentration of free chloride and decrease in the pH values for UP water. The free chloride concentrations increased to 36, 47 and 58 ppm for the 25, 50 and 100 ppm perchlorate concentration, respectively, after the 6 h HRT. The pH values decreased to 6.01, 5.8 and 6.2 for the 25, 50 and 100 ppm perchlorate concentration, respectively, after the 6 h HRT.
INTRODUCTION
In recent years, several oxidized contaminant salts have been found to be pollutants in tap water, including salts that contain the perchlorate anion, ClO 4 - (Urbansky, 2002) . Among the perchlorate-based salts, ammonium perchlorate is the main source of contamination (Greene and Pitre, 1999) . Ammonium perchlorate is used as an additive (oxidizer) in solid rocket propellant (Atikovic et al., 2008; Hatzinger et al., 2006; Logan, 2001) , therefore the contamination of water sources near the military sites is available (Aziz and Hatzinger, 2002) . Perchlorate anion is suspected to cause the disruption of iodide uptake by the thyroid. Iodide is an essential nutrient for the synthesis of thyroid hormones, and disruption of iodide *Corresponding author. E-mail: dr.ahmed1975@gmail.com, bilal.chem.82@gmail.com. Tel: +60-192903670. uptake causes malfunctions in metabolic processes (Srinivasan and Viraraghavan, 2009; Nerenberg et al., 2003) .
Treatment technologies for perchlorate anion removal from aqueous systems are still studied at the laboratory scale. Conventional filtration, sedimentation, or air stripping have been found to be ineffective for the removal of the perchlorate anion, because it is both nonvolatile and highly soluble in water (Nerenberg et al., 2003) . Activated carbon does not remove perchlorate efficiently. Although, reverse osmosis and ion exchange are capable of removing perchlorate, the high cost and difficulties related to implementation are still in question (Urbansky, 1998) . Thus, for various reasons, no single technology can be readily applied in the field for perchlorate removal, especially in drinking water systems. In addition, various studies have shown that the use of a combination of technologies might be more feasible for reducing perchlorate anion concentrations to safe levels (Srinivasan and Sorial, 2009; Sutton, 2006) . It is imperative to note that that there are two compounds that inhibit perchlorate anion reduction: dissolved oxygen (DO) and nitrate. Earlier studies have shown that the optimum range of DO concentrations in influent waters that facilitates the maximum levels of perchlorate reduction is between 0.5 to 1.0 mg/L (Logan, 2001) . The presence of nitrate in bioreactors has also been found to inhibit the reduction of perchlorate (Sutton, 2006) . Therefore, the removal of nitrate ions from influent water is required to achieve the complete reduction of perchlorate anions (Chaudhuri et al., 2002; Coates and Achenbach, 2004; Choia and Silversteinb, 2008) . Both factors have been overcome through the use of a fluidized bed bioreactor, which allows the effective reduction of perchlorate. The presence of bacteria in tap water also has an effect on the reduction process; the mixed liquor suspended solids content of the influent water should be in the range of 2000 to 2500 mg/L, indicating a good level of bacteria for water treatment (Duruibe et al., 2007; Akpor and Muchie, 2010; Rosalam and Duduku, 2007; Ogunniran et al., 2008; Uzodinma and Ofoefule, 2009 ). This paper focuses on the microbial reduction of the perchlorate anion to the innocuous chloride ion and oxygen using a fluidized bed system. This process uses microorganisms capable of reducing perchlorate into chloride and oxygen in the presence of an electron donor (hydrogen gas) and an appropriate medium to support microbial growth (granular activated carbon). The reduction of perchlorate was monitored by two indicators, namely, the increase in the chloride concentrations and the decrease in pH values.
EXPERIMENTAL
Ammonium perchlorate purchased as a solution with a purity of 99%, and the other chemicals, such as the nutritional materials and granular activated carbon (GAC), were purchased from the Sigma Aldrich Company. The bacteria were obtained from a local paper mill company; a mixed liquor suspended solids (MLSS) test was conducted on the bacteria samples in order to determine the bacteria presence. The nutritional material, such as ammonia and phosphorus, were added to the tap water sample to feed the bacteria until an MLSS of 2500 mg/L was obtained.
The fluidized bed reactor was constructed using an acrylic cylinder with a 110 cm length and a width of 10 cm as shown in Figure 1 . The pump (P1) feeds the water influent from the tank (T1) into the reactor (R1) from the bottom. The inflow rate of the feed water was controlled by adjusting a valve connected to a flow meter. The effluent water was recycled from the top of the reactor to re-enter the reactor. The hydrogen gas stream was purged into the reactor using an H2 gas cylinder with a gas pressure regulator, and the gas flow rate was measured using a gas flow meter, while the excess H2 gas was exhausted from the top of the reactor into the bubbler (T2) filled with pure water. The hydrogen gas pressure was maintained at 6 psi (a concentration of 0.646 mg/L) to ensure that sufficient hydrogen (electron donor) was available for the bacteria, and the gas flow was maintained at a constant rate throughout the experiments. A fixed volume of tap water with ammonium perchlorate was prepared by adding the precise amount of the contaminant required for the different concentrations of contamination, Wasmi et al. 731 namely, 25, 50 and 100 ppm. Different flow rates were used depending on the bed volume, which was 10 cm 3 , for the various hydraulic retention time (HRTs). The selected HRTs were 2, 4 and 6 h, and thus flow rates of 11, 16 and 33 ml/min, respectively, were applied.
The concentrations of nitrate (NO3 -) and chloride (Cl -) anions in the tap water were determined using ion chromatography (Anion 191109, Metrohm) . The dissolved oxygen (DO) concentrations were measured using an on-line DO meter. The presence of bacteria in the tap water was measured using the mixed liquor suspended solids (MLSS) methodology, and pH values were monitored using an on-line pH meter.
RESULTS AND DISCUSSION
There are two main compounds that affect perchlorate reduction, and that should be reduced to achieve the complete reduction of perchlorate anions. The first factor is the nitrate (NO 3 -) concentration, which can be reduced via the denitrification process. In this process, the biological reduction of nitrate (NO 3 -) to nitrogen gas (N 2 ) requires five electrons per mole of NO 3
- (Rittman, 2002) , as shown in the equation that follows:
(1)
The nitrate concentration recorded for the tap water before the reduction process was 32 ppm. After the startup of the reactor and the beginning of reduction process, the concentration of nitrate decreased over all of the selected HRTs as the result of denitrification. As shown in Figure 2 for the case of 25 ppm of contaminant material, the percentage of nitrate reduction was 70% after a 2 h HRT, and this percentage kept increasing until it reached 90% after a 6 h HRT. The same behavior was observed for the other concentrations of perchlorate anion contamination, and the percentages of nitrate reduction reached 84 and 80% for the 50 and 100 ppm concentrations of perchlorate anion contamination, respectively, after the 6 h HRT. It was concluded that the maximum reduction for nitrate was achieved with a 6 h HRT for the different concentrations of perchlorate anion contamination. This period of HRT was considered as the optimum time for reduction of the maximum amount of nitrate.
The second factor is the concentration of dissolved oxygen, which is usually present in perchloratecontaminated water (Urbansky, 2002) and inhibits perchlorate reduction. It has been found that the degradation of perchlorate is repressed at high concentrations of DO (Chaudhuri et al., 2002) . In this study, the DO concentration measured on-line for the tap water at room temperature was 7.72 mg/L. After the start of reactor operation and the reduction process, the amount of DO produced was the same as the amount of perchlorate degraded (Min et al., 2004) , therefore, the DO concentration should be reduced to less than 1 mg/L for the maximum reduction of perchlorate (Logan, 2001 ). Figure 3 illustrates the percentages of DO reduction at three HRTs for the three different concentrations of perchlorate anion contamination. After a 2 h HRT with 25 ppm of perchlorate anion contamination, the percentage of DO reduction was 9%, while after a 6 h HRT, the reduction of DO increased significantly to 80%. Similar trends were observed for the other concentrations of perchlorate; the DO concentrations behaved proportionally similar, and the percentage of reduction approached 88% after a 6 h HRT for the 100 ppm perchlorate concentration. During the examination of the previously mentioned factors, perchlorate anion reduction was associated with the formation of the chloride (Cl -) ion and was controlled by the presence of nitrate and DO. The chloride concentration increased with perchlorate dissociation, while the changes in pH values indicated that an acidic medium was formed in the ultra pure water trap. The decrease in pH is an indication of acid formation. The two parameters used as indicators of perchlorate anion reduction are the increase in chloride concentration and the decrease in pH.
As for the chloride concentration indicator, the free chloride anion was produced when the perchlorate anion was decomposed. This indicates that the bacteria were using perchlorate as an electron acceptor and converting . Chlorite is extremely unstable and is transformed into chloride by the chlorite dismutase enzyme in the presence of bacteria. The reduction of chlorate to chlorite by chlorate reductase has been observed to be slower (Logan, 2001 ).
(2) for different HRTs and various concentrations of perchlorate anion contamination. The chloride level increased with an increase in the reaction time, indicating that the formation of chloride was a result of the dissociation of perchlorate. For the 2 h HRT and 25 ppm perchlorate, the chloride concentration increased to 17 ppm, while after the 6 h HRT, the chloride concentration was still increasing and reached 36 ppm, as shown Figure 4 . For the other perchlorate anion concentrations, namely, 50 and 100 ppm, the chloride concentrations also reached their maximum levels after 6 h of HRT; the chloride concentrations were 47 and 58 ppm, respectively, as a result of the reduction of perchlorate. In summary, it was observed that the best reduction of perchlorate occurred after the 6 h HRT for all the different concentrations of perchlorate anion contamination. An additional indicator of perchlorate decomposition in a fluidized bed bioreactor is the production of hydrochloric acid (HCl) due to the liberation of chloride ions that further react to produce HCl based on Equation 3. A portion of the HCl was captured by bubbling the outlet of hydrogen through UP water.
The pH values of the UP water before and after the gas entered the flask were measured. The pH of the UP water was 6.88 before the start of the reduction process. Figure 5 shows that the pH of the UP water decreased slightly and continued to decrease over time for all HRTs. For the 25 ppm concentration of perchlorate, the pH of the UP water decreased from 6.88 to 6.39 after a 2 h. HRT and continued to decrease over time until it reached 6.01 after a 6 h HRT. Similarly, the pH values of the UP water were observed to decrease for the other concentrations of perchlorate anion contamination after the different HRTs; the pH values decreased to 5.8 and 6.2 for the 50 and 100 ppm perchlorate concentration, respectively, after a 6 h HRT.
After analyzing the results shown in Figure 5 , it may be concluded that the maximum decrease in pH occurred when the HRT was 6 h for the different concentrations of perchlorate anion contamination. These results indicate that the best reduction of perchlorate was achieved with a 6 h HRT.
Conclusions
A fluidized bed bioreactor was used to perform the biological reduction of perchlorate and other tap water contaminants, such as nitrate. The optimum time for perchlorate anion reduction for each concentration of perchlorate anion contamination was an HRT of 6 h, the maximum increase in chloride concentration was recorded after a 6 h HRT. Similarly, the maximum decrease in the pH of the UP water was also observed after a 6 h HRT for each concentration of perchlorate anion contamination.
The tap water contaminant nitrate was reduced to a level less than the maximum contamination level (MCL) of 10 ppm and to levels appropriate for the complete reduction of perchlorate after a 6 h HRT for each concentration of perchlorate anion contamination.
Dissolved oxygen was also reduced to levels below 1 mg/L, which is considered suitable for perchlorate anion reduction, after a 6 h HRT.
